INTRO DUCTION
M easurements of molecular order and o rientation at surfaces and interfaces can yield unique and powerful descriptions of surface systems. Orientation measurements have been used to probe the intermolecular structure of pure interfaces for the air/methanol, 1 air/water, 2,3 and alkane/water 3, 4 interfaces. Measurements of molecular orientation have also been used to characterize structure in monolayer and m ultilayer lms, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] including the molecular reordering associated with two-dimensional phase transitions. 9 -18 In time-resolved investigations, orientational dynamics m easurem ents at liquid/liquid, 19, 20 liquid/ solid, [21] [22] [23] liquid/air, 24 -27 and air/solid inter faces 2 8 -3 0 h av e prov ided fo r more complete fundamental descriptions of the interfaces studied. Second-harmonic generation (SHG), or the frequency doubling of light, is one increasingly used method of probing surfaces and interfaces, pro-viding unique insights into oriented surface systems. SHG experiments are in general simple to perform, typically yield submonolayer interfacespeci c sensitivity with m inimal optimization, and can be done with fairly inexpensive equipment. 5, 6, 31 As a second-order nonlinear optical process, coherent SHG is dipole forbidden in randomly oriented media, but allowed at the interface between two such media where inversion symmetry is broken. As a result, SHG can often be used to probe surfaces and interfaces in situ under ambient conditions with negligible contributions from the bulk.
S eco nd-h arm o nic generatio n is not the only nonlinear optical technique to have found great success in surface studies, with the number of investigations em ploying sum -frequency generation (SFG ) also growing rapidly. By summing the frequencies of a tunable infrared beam with a xed-frequency visible beam, infrared-visible sum frequency generation allows for vibrational spectroscopy with surface selectivity. A few of the many applications of SFG are described in several excellent reviews. [32] [33] [34] [35] Despite the obvious pow-er of infrared-visible SFG in surface investigations, experiments are generally limited by the availability of stable, suf cien tly inten se p ulsed sources of tunable m id-infrared 36, 37 and the experimental complications associated with overlapping m ultiple beams in both time and space. For these reasons, as well as the signicant differences in instrumental expense and complexity, the majority of nonlinear optical surface studies currently continue to employ SHG. Consistent with this trend, the focus of this work centers on SHG measurem ents, although m any of the methodologies described are easily adaptable to other nonlinear optical techniques, including SFG.
W hile SHG has been successfully employed to probe the chemistry of surfaces and interfaces for several years, new developments continue to shape the eld. As new tools for acquiring and interpreting SHG data continue to evolve, the scope and reliability of nonlinear optical surface measurements can expand even further. Several recent advancements in instrum entation , app lication, and analysis of SHG measurements are reviewed.
FIG. 1. Schematic diagram of a typical instrument for surface SHG investigations; an
incident pulsed beam is sent through a polarizer (P), and a half-wave (HW) plate to rotate the incident plane of polarization by an angle, g ; then the beam is focused onto the sample surface. The second-harmonic light generated by an oriented surface lm is spectrally ltered (F), and passed through another polarizer to isolate the p-and spolarized components prior to detection.
FUNDAM ENTALS O F SURFACE SECO ND-HARM ONIC G ENERATION
A schematic diagram of a typical S H G exp erim ental app aratu s is shown in Fig. 1 . In essence, a linearly polarized fundamental beam is focused onto a sample interface at some oblique angle, and the nonlinear response is detected in re ection, transm ission, or total internal re ection. Generally, both sand p-polarized second-harm onic com ponents (i.e., polarized perpendicular to and in the plane of incidence, respectively; see Fig. 1 ) will be generated at the interface, the intensities of which depend on the orientation and number density of the surface-bound chromophores under investigation as well as the incident polarization. The nonzero elements of the surface second-order nonlinear optical tensor, x (2) , can be evaluated from the sand p-p olarized S H G intensities m easured as functions of the polarization state of the fundamental beam. For a system with a single unique axis perpendicular to the surface (typical of most thin organic lm systems), only three of the possible 27 elements of the x (2) tensor are nonzero and nondegenerate in SHG; namely, x ZZZ , x ZXX 5 x ZYY , and x XXZ 5 x XZX 5 x YYZ 5 x YZY . 38, 39 The rst subscript on each tensor element indicates the polarization component of the secondharm onic eld generated at the interface when driven by the funda-mental eld components indicated by the second and third subscripts (where the unique Z-axis is norm al to the surface). Speci cally, the relationship between the detected sand p-polarized SHG intensities and the x (2) tensor elements for a thin un iaxial sur face system is given by 31,38 2v 
in which I 2v is the second-harmonic intensity, and the subscripts indicate the polarization state; I v is the intensity of the incident fundamental; g is the polarization rotation angle of the fundamental beam (de ned so that g 5 08 corresponds to light polarized in the plane of incidence, or p-polarized light); C is a constant dependent on the instrument response function and the experimental geometry; and s n are tting coef cients. The tting coef cients are constants comprised of geometric terms and Fresnel factors, which relate the incident and detected electric eld components to the corresponding components at the interface. 40 Once the tting coef -cients, s n , have been determined for a given experimental geometry, the relative magnitudes of the three tensor elements m ay be evaluated independently from ts of the measured intensities to the expressions in Eqs. 1. Each nonzero element of the x (2) tensor can be related to the nonlinear optical response of an isolated chromophore through orientational averages. As one example, for rod-like chromophores (i.e., for molecules with a dominant b z 9 z 9 z 9 second-order m olecular nonlinear polarizability tensor element) the elements of x (2) are given by 40
2 in which u z 9 Z is the tilt angle between the long molecular axis (i.e., the z9axis) and the surface normal (i.e., the Z-axis), N s is the surface number density, and the brackets indicate an average value. W hile the x (2) tensor describes the second-order nonlinear optical response of the surface system, the b (2) tensor describes the second-order nonlinear response of an isolated chromophore. The nature of the surface-selectivity of SHG measurem ents is clearly demonstrated by the relationships in Eqs. 2. For a random orientation distribution (or m ore generally, a distribution with inversion sym metry), the orientational average terms within the brackets equal zero and, correspondingly, yield negligible values for the x (2) tensor elements. It is the inherent asymmetry of the distribution at the interface which gives rise to an appreciable nonlinear dipole response. Similar arguments explain the potential of SHG as a probe for orien tatio n an d order in surface lms. The most comm on m ethod of expressing orientation by SHG is through the use of an orientation param eter, D (or an analog thereof), derived from ratios of x (2) tensor elements. 41 For rod-like molecules (i.e., for a dominant b z 9z 9z 9 tensor element), rearrangement of Eqs. 2 allows for evaluation of D from the measured x (2) tensor elements; D 5 x /(x (2) (2) ZZZ ZZZ 1 2x ). In cases in which the mo-(2) ZXX lecular second-order nonlinear polarizability (or hyperpolarizability) is dominated by other elements of b (2) (i.e., other than b z 9 z 9z 9 ) or combinations of multiple elements, D is given by the combined ratios of other x (2) tensor elements. 41 If the distribution about the mean orientation angle is narrow, then D ù cos 2^u z 9Z & , and the m ean chromophore tilt angle can be determined.
The surface selectivity afforded by second-order nonlinear optical techniques makes them useful to study a range of systems dif cult to investigate by using m ore comm on methods such as absorbance and uorescence. One example is a molecular lm located at a buried interface (e.g., the solid/liquid or liquid/ liq uid inter face), in w hich background absorbance or uorescence from the bulk overwhelms the surface response. In addition to minimizing background signal from the bulk, complications associated with absorption by the sample itself (e.g., photobleaching and photochemistry) are also typically circumvented in nonlinear optical m easurements, as the incident beam is not usually strongly absorbed (an illustration of the different information available from linear and nonlinear orientation measurements at surfaces can be found in Ref. 42 ).
SECOND-HARM ONIC MICROSCOPY
Several researchers have recently demonstrated the ability of nonlinear optical imaging as a new tool for investigating m icrometer-scale order in a wide range of systems. The rst study demonstrating the use of surfa ce S H G m icrosco py w as performed in 1986 by Boyd et al., 43 in which a m icrometer-scale spot in a rhodamine monolayer lm was photoablated to remove dye, and the resulting localized reduction in nonlinear activity was measured by scan-ning the fundamental beam across the laser-ablated spot. More recent studies conducted in a number of research groups have helped to further develop nonlinear optical m icroscopy as a surface science tool.
Flö rsheimer and co-workers have recently devised and employed a variety of optical con gurations for SHM, 44 -48 several of which are summarized in Fig. 2 . In the simplest single-beam experiments, a collimated fundamental beam is directed to the interface either in re ection or transmission, spectrally ltered, and the second harmonic is collected throu gh a m icro scop e ob jectiv e ( Figs. 2a and 2b ). If the sample plane is imaged at an angle, polar order can be investigated ( Fig. 2a ). In order to circumvent complications associated with colinear fundamental and second-harmonic beams (most notably the need for a spectral lter between the sample and the objective to avoid damage to optics), Flö rsheimer et al. have devised alternative du al-beam non colinear con gurations (Figs. 2c and 2d). 49 In addition to the schemes shown in Fig. 2 , a common epi-illumination con guration focuses the fundamental and collects the re ected second harmonic through the same objective. Alternatively, Bozhevolnyi et al. have demonstrated spatial resolution in SHM below the diffraction limit by near-eld scanning nonlinear optical m icroscopy. 50 -52 An illustration of the unique information available from SH microscopy is shown in Fig. 3 , in which the orientation eld spontaneously generated in a Langmuir monolayer of a am p hip hilic dy e w as im aged by Flö rsheimer et al. using the m ethodology in Fig. 2b . 49 Using a simple model relating the in-plane orienta- tion to the local nonlinear susceptibility, they were able to directly transform the intensity images in Fig. 3 to orientation elds, generating spatially resolved m aps of inplane orientation within a monolayer lm.
In addition to probing the order in Langmuir m onolayers, second-harmonic m icroscopy has recently been demonstrated as a useful and unique probe for investigations of biological interfaces. [53] [54] [55] [56] [57] [58] The rst nonlinear optical microscopy images of live cells hav e recently been presen ted by Lew is an d co-w orkers. 5 4 -5 6 Lew is and co-workers have also demonstrated the use of SHG as a probe for membrane potential, 57, 59 and attribute the SHG contrast observed in nonlinear images of cells primarily to this effect. In essence, the induced dipoles of the dye m olecules responsible for the SH signal depend inti-mately on the local static electric eld, th ereby pro vid ing a non inv asiv e method of evaluating membrane potential. By taking advantage of the lo cally enh anced electro m agnetic eld around gold and silver particles, Lewis and co-workers reported results by SHG approaching singlemolecule detection limits in recent studies in which membrane proteins were tagged with gold nanoparticles. 56 In other work, M oreaux et al. have obser ved SHG from individual synthetic liposomes doped with a styryl dye. 53 In addition, nonlinear optical im aging of individ ual subcellular components has recently been reported by M izutani et al., in SHM studies o f no ncentro sym m etric starc h granules within live plant cells. 58 SHM has also been used to probe inorganic surface structures. Recent studies in several different research groups have used SHM to provide insights into the structures of ferroelectric domains in a variety of thinlm materials useful for computer memory. 49,60 -63 In other work, Seebau er and co-w orkers have used SHM to determine adatom surface diffusion constants on single-crystal surfaces. 64 -66 Use of SHM has been further extended to analysis of m agnetic surface domains by Kirilyuk et al. 67 Given the relative ease of SHM investigations and the unique information available from nonlinear optical m easurements, this fairly new analytical tool will likely nd numerous and varied applications in the coming years.
Although their method is not technically microscopy, Eisenthal and co-workers have developed a novel alternative approach for analysis of su rface order in m icrom eter-scale lms by detecting the second-harmonic light scattered off suspensions of m icroscopic particles. [68] [69] [70] [71] [72] [73] [74] [75] [76] In a typical experiment, the incident fundamental is focused into a suspension of microparticles, and the scattered second-harmonic light is detected with a photomultiplier tube. In this manner, the surface chemistry of microparticles can be investigated in situ. From the intensity of the scattered SH light as a function of electrolyte concentration, Eisenthal and co-workers were able to extract the surface potential and charge density of polystyrene microspheres, in excellent agreement with theoretical predictions using the Gouy-Chapman model for the surface electric double layer. 71, 75 From the relationship between scattered SHG intensity and dye concentration, in situ adsorption isotherms were acquired for dye adsorption at the surfaces of polymer beads, 70, 76 oil/water emulsions, 70 and suspensions of TiO 2 . 74 With the determination of the timedep en dence of the no nlinear response, kinetic transport of dye molecules across synthetic liposomal bilayers has been measured, 72, 73 and the rotational dynamics of clay particles have been investigated. 68 microscopic particles by com petitive adsorption, in which the displacement of an SH-active dye is m easured as a function of surfactant concentration. 77 
SHG M AGIC ANG LE
As described in the second section, m easurement of the SHG intensity acquired as a function of the polarization states of the incident and second-harmonic beams yields relative values for the tensor elements of the nonlinear polarizability, x (2) . Additionally, these tensor elements may be com bined to evaluate the orientation parameter, D, de ned in Eq. 3. In order to simplify interpretation of SHG measurem ents, the assumption of a narrow distribution about the mean tilt angle is often made, so that the average molecular tilt angle is given by^u z 9Z & ù cos 2 1 (D 1/2 ).
However, this assumption of a narrow orientation distribution is not always reliable. In fact, numerous studies have demonstrated that broad distributions are common-even expected-in many surface systems. 42, [77] [78] [79] [80] [81] [82] [83] [84] [85] In such cases, the apparent orientation angle, calculated by assuming a narrow distribution (e rro neously), may be very different from the true distribution m ean. This effect has been considered by several researchers [86] [87] [88] [89] [90] and is depicted graphically in Fig. 4 , reproduced from work by Simpson and Rowlen. 86 In the gure, the apparent orientation angle (calculated by making the narrow distribution assum ption) is shown as a function of the root m ean squared (rms) distribution width, s, calculated for a Gaussian distribution. 86 Each curve corresponds to a different true mean of the distribution. The difference between the apparent mean tilt angle and the true distribution mean (g iven b y the intercept of each curve) indicates the error associated with the narrow distribution assumption in evaluation of average orientation angles by SHG. As is demonstrated in the gure, assuming a narrow orientation distribution when the true distribution is fairly broad can lead to large errors in determination of the m ean tilt angle.
In many ways, the most intriguing aspect of Fig. 4 is the convergence to an apparent orientation angle of 39.28 in the limit of broad orientation distributions, dubbed by Simpson and Rowlen as the ''SHG magic angle'' by nature of its similarities with the w ell-kn ow n lin ear an alog . 8 6 ,9 0 This limiting behavior demonstrates that the same orientation parameter can be obtained by SHG from two very different orientation distributions: one with a narrow spread about a m ean orientation angle of 398, and one with a broad spread about an arbitrary m ean tilt angle. Without additional information regarding the form of the distribution, it is not possible to distinguish between these two cases solely on the basis of a single set of SHG measurem ents. The origin of the SHG magic angle can be understood by rst rewriting the orientation parameter, D, in terms of Legendre polynomials: 86,90
, and again the brackets indicate an average value. A phenomenological argument for the convergence to the magic angle result shown in Fig. 4 has been m ade by noting that the higher Legendre moments generally approach zero more rapidly than the lower moments as distributions broaden. 86, 90 In the limit of^P 3 & being much less than^P 1 & , the orientation parameter D is approximately equal to a constant of 3/5. If a narrow distribution is assumed in this case, the apparent orientation angle is given by cos 21 (3/5) 1/2 5 39.28. The potential for obtaining the SHG magic angle result is present for essentially any system in which molecular orientation is expressed in terms of the The tilt angle of the local surface normal, u sZ , is a function of the interaction length, L, given by the change in height evaluated over a distance equal to L (in practice, the value of u sZ is determined from the surface gradient rather than the slope); and (b) the local molecular orientation angle, u sz 9 , is de ned by the angle between the local surface normal and the molecular z9 -axis. The value of the interaction length, L, will typically be on the order of the molecular length for rigid chromophores and tightly packed monolayer lms. The net macroscopic orientation angle, u z 9 Z , measured experimentally is a convolution of both orientational effects. rewritten in terms of D. The existence of a m agic angle for SHG demonstrates the importance of considering the form of the orientation distribution when interpreting SHG orientation m easurements. Even in cases in which the SHG magic angle is not observed, the erroneous assumption of a narrow distribution could result in signi cant differences between the true and apparent mean orientation angles.
ROUGH NESS EFFECTS ON SH G ORIENTATIO N M EASUREM ENTS
Although the m ost common substra tes/su bph ases for organic thin lms, including water and polished glass and quartz, are typically optically at (i.e., at on the scale of hundreds of nanometers), they regularly exhibit rms roughnesses comparable to or greater than the thickness of monolayer (or even m ultilayer) lms, [91] [92] [93] [94] [95] suggesting that roughness effects m ay sign i cantly in uence the macroscopic orientation. Methods to estimate this in uence on linear orientation measurements (e.g., by absorbance and uorescence) have been described by several researchers. 93, [95] [96] [97] [98] [99] [100] Recently, a framework to quantitatively correct for the in uence of surface roughness on linear and nonlinear orientation measurem ents at both liquid and solid interfaces has been developed in a series of papers by Simpson and Rowlen. 92, 93, 99, 100 In the Simpson and Rowlen m odel, the principal in uence of roughness at dielectric solid and liquid interfaces is a tilting of the local surface plane with respect to the macroscopic surface plane (Fig. 5 ). As a result, the local m olecular orientation angle (u sz9 in Fig. 5b ) is no longer equal to the m acroscopic orientation angle (u z 9 Z in Fig. 5b ). For solid surfaces, this distribution in surface slop es (or m o re precisely gradients) can be directly evaluated from atom ic force m icroscopy (AFM ) topographs provided that the lm thickness is greater than the tip diameter (; 10 -40 nm). 92 For monomolecular lms at solid surfaces (in which case the lm thickness is about an order of magnitude smaller than a typical AFM tip diameter), the molecular scale roughness can be evaluated from fractal analysis of the su rface to po graphy m easured by AFM. 91, 92 The analogous nanoscopic roughness of liquid interfaces can be calculated by using capillary wave theory. 99 Once the distribution of local surface norm al tilt angles has been determined, the general mathematical approach is to rst re-express the m acro scop ic orien tatio n ang le in terms of the local molecular orientation angle, the tilt angle of the local surface plane, and the relative angle of rotation between them (see Fig.  5 ), followed by integration over the corresponding orientation distribu-tions. 9 3 ,1 0 0 Th eoretical cu r ves describing the apparent orientation angle by SHG as a function of surface rou ghn ess calcu lated by th is approach are shown in Fig. 6 , reproduced from Ref. 100 . Each curve in Fig. 6 corresponds to a different m olecular tilt angle with respect to the local surface norm al (i.e., the tilt angle of the molecule in its local environment). The apparent orientation angle (again de ned to be the m olecular tilt angle calculated from the macroscopic measurem ent if a narrow orientation distribution is assumed) is shown on the abscissa. The vertical lines in Fig. 6 correspond to the molecular-scale roughnesses for the air/water and fusedsilica interfaces for a typical monolayer lm thickness (L 5 20 A Ê ). As focal point FIG. 6 . The apparent orientation angle (right y-axis) is shown as a function of the roughness parameter, s u , where s u is equal to the rms height difference between two surface points separated by a distance, L, divided by that distance (adapted from Ref. 100) . For tightly packed monolayer or multilayer lms, L will be approximately equal to the lm thickness. For rigid chromophores, L is approximated by the molecular length. The apparent ''macroscopic'' orientation angle, u is the value obtained by * z 9 Z neglecting roughness effects and incorrectly assuming a narrow distribution. Each curve corresponds to a different local molecular orientation angle (labeled on the left). An increase in s u corresponds to an increase in molecular-scale roughness relative to the molecular size. The vertical lines indicate the scale-dependent roughness values determined for both a mechanically polished fused-silica surface (dashed) and the water/air interface (dotted) for L 5 20 A Ê .
can be seen from the gure by the difference between the local and appare nt ''m acroscopic'' orientation angles, the roughness of a comm on fused-silica substrate is great enough to signi cantly in uence orientation measurements by SHG. For example, a surface lm 20 A Ê thick prepared on fused silica with a local tilt angle of 108 would generate an apparent m acroscopic orientation angle of ; 208 if the results were not corrected for roughness effects. In contrast, the roughness of the air/water interface contributes only a few degrees to a difference between the microscopic and macroscopic orientation angles. As a caveat to the behavior calculated for liquid surfaces, other interfacial systems can be much rougher than air/water, 99 and recent theoretical and experimental stu dies su ggest g re ater m olecu lar scale roughness for liquid interfaces than predicted by the relatively simple Sim pso n an d R ow len m odel. 101, 102 These combined results indicate that roughness of m any comm on surfaces (includ ing po lish ed quartz and water) can signi cantly in uence the interpretation of SHG orientation m easurements.
In the limit of very rough surfaces and interfaces, the apparent orientation angle converges to 398 (i.e., the SHG magic angle result described in the previous section). This convergence to the magic angle result for rough surfaces can be understood phenomenologically by a broadening of the distribution in local surface plane tilt an gles w ith in cre asing roughness, ultimately resulting in a broadening of the net m acroscopic molecular orientation distribution. 100 Although the m echanism for distribution broadening is markedly different in the treatment of surface roughness than in the discussion of the SHG m agic angle, the overall net effect is the same; macroscopically broad orientation distributions produce apparent orientation angles by SHG of 398.
ORIENTATION-INSENSITIVE SHG ADSORPTION ISOTHERM AND KINE TICS MEASUREM ENTS
The surface selectivity of SHG has been exploited to full advantage in a wide variety of adsorption isotherm and kinetics m easurements too numerous to cite. Provided that the surface species can be treated as isolated and noninteractive, the detected SHG intensity is directly proportional to the square of the surface number density, N s (through Eqs. 1 and 2). By measuring the SHG intensity as a function of analyte concentration, one can generate surface-selective adsorption isotherms. Alternatively, the detected intensity measured as a function of time yields kinetic inform ation . H ow ever, th e sim p le quad ra tic relationship between the detected SHG intensity and surface coverage holds only if the orientation distribution does not change throughout the course of the measurement. In cases in which this criterion is not met, the measured nonlinear intensity for a given polarization combination may no longer be representative of the surface number density. In fact, errors in equilibrium constants of almost 100% have been reported in adsorption isotherm measurements if coverage-dependent changes in orientation were neglected. 103 Furthermore, coverage-dependent changes in orientation are commonly observed in thin-lm systems. 13, 17, 27, 71, One method of minimizing such errors is to evaluate the apparent orientation angle at each point in the 127) . Each curve corresponds to a different apparent orientation angle, indicated on the left margin. Curves were calculated by using the tting coef cients for a total internal re ection geometry as shown in Fig. 2 . The solid vertical line indicates the value of g * calculated with Eq. 5. In the inset plot, the rms deviation in the SHG response is plotted as a function of g for orientation angles between 08 and 508 . measurem ent and to correct for orientation. 13, 104, 105 This orientation angle-correction (OAC) approach has the advantage of generality, but inherently requires a narrow orientation distribution (which may or may not be justi ed). 127 Furtherm ore, application of the OAC method necessitates the acquisition of multiple measurem ents under different polarization con dition s fo r each data point.
An alternative approach has recently been demonstrated by Simpson and Rowlen, in which judicious choice of the experimental con guration was found to minimize errors associated with coverage-dependent changes in orientation. 104, 127 The motivation behind this approach is demonstrated in the theoretical SHG response curves as functions of the polarization rotation angle of the fundamental beam, g, shown in Fig. 7 calculated for a dominant b z 9z 9z 9 molecular hyperpolarizability tensor element (comm on in rod-like chrom op hores). 1 2 7 E ach cu r v e corresponds to the SHG amplitude detected for a constant surface num ber density but a different orientation angle (calculated for a glass/methylene chloride interface with the use of a total internal re ection ow cell, described in Ref. 127) . By inspection of the SHG response curves in Fig.  7 , the curves for orientation angles less than ; 508 appear to cross at g* ù 638. Analogous results with crossings at different values of g* were obtained for dominant b z 9 x 9x 9 and b x9 x 9 z 9 tensor elements (i.e., the other unique, nonzero tensor elements possible for SHG of planar chromophores). 127 The inset plot in Fig. 7 indicates the rms difference between the curves for orientation angles between 08 and 508, and serves as an indicator for the potential for errors associated with coverage-dependent changes in orientation.
Both the crossing point of the calculated response curves and the minimum in the rms plot shown in Fig.  7 indicate that the orientation dependence of SHG surface coverage measurements can be greatly minimized simply by ''parking'' the polarization rotation angle of the fundamental beam at ; 638 [for detection of the p-polarized second harmonic using the total internal re ection (TIR) geometry in Ref. 127 for a dominant b z 9 z 9 z 9 tensor element]. Provided that the apparent orientation angle remains within the range between 08 and ; 508 the detected SHG intensity is largely insensitive to changes in orientation under these conditions.
The value of g* can change for e ac h ex p er im e n ta l c o n g u r a tio n and m olecular system . F ortunately, simple expressions derived by using Taylor series expansion argum en ts ( i.e., b y as su m in g th a t sin 2 predict the value of g* within a few degrees for a given experimental geometry, an example of which is given by the vertical line in Fig. 7 . 127 For rod-like m olecules (i.e., for a dominant b z 9z 9 z 9 tensor element), the expression for g* is given by 127 
where the s n tting coef cients have the same meaning as in Eq. 1. Similar expressions for g* have also been derived for ''plate-like'' molecules, characterized by d om in ant b z 9 x9 x 9 and b x 9x 9 z 9 tensor elements, 127 and extension to systems in which multiple elements of the b (2) tensor are signi cant is a fairly straightforward process. In Fig. 8 , SHG adsorption isotherm measurem ents are shown for dye adsorption (disperse red 1, or DR-1) on glass acquired under several different polarization conditions, including the appropriate orientation-insensitive polarization combination, adapted from Simpson and focal point Rowlen. 103 The rst subscript on the intensity indicates the polarization state of the second-harmonic beam, and the second the polarization state of the fundamental (so that I cor-2v p63
responds to the p-polarized secondharmonic light generated for a fundamental polarization rotation angle of 638). Solid lines indicate ts of each data set to Langmuir adsorption isotherm s. 104 Depending on the polarization conditions under which the data were acquired, adsorption equilibrium constants obtained from ts of the data differed by m ore than 100% (well beyond the error of the ts). These differences can be understood with the aid of the inset plot in Fig. 8 , in which the apparent orientation angle of DR-1 is shown as a function of dye concentration. The plot indicates a clear trend of increasing apparent tilt angle (away from the surface normal) with increasing dye concentration. Consistent with this trend, the detected SHG intensities acquired by using single traditional polarization combinations were convolutions of both changes in surface number density and orientation. In contrast, data acquired by the orientation-insensitive m ethod ology yielded equ ilib rium constants within error of values obtained by the OAC approach (i.e., by correcting each intensity m easurement for the apparent orientation angle). 103 The most signi cant advantages of the orientation-insensitive m ethodology compared with the OAC approach are not in adsorption isotherm measurem ents but rather in kinetics investigations, where acquisition of multiple measurem ents at each point in time is nontrivial. Fig. 9 is the SHG response measured as a function of time during rhodamine 6G desorption from the surface of glass into m ethylene chloride, acquired by using the approp riate o rien tation-in sensitive methodology. 103 In this case (i.e., for a dominant b x 9 x9 z 9 tensor element), orientation insensitivity is achieved by detection of the combined pand s-polarized second-harmonic intensity for g 5 278 (i.e., I ). Ob-
Shown in
taining comparably accurate results by using the OAC method would require measurement of the secondharmonic intensity under multiple polarization conditions at each point in time followed by meticulous correction for the apparent orientation angle. 103
SECOND-HARM ONIC SPECTROSCOPY
Although the rst report demonstrating surface-selective electronic spectroscopy by SHG was published nearly 20 years ago, 128 most nonlinear op tical sur face sp ectro scop ic studies since that time have focused on the infrared region using infraredvisible sum -frequency genera tion. However, recent advances, both theoretical and experimental, have given rise to several new applications of second-harmonic spectroscopy.
The basic relations used to evaluate the dipole response in SHG measurem ents far from a molecular resonance are well established. 129, 130 In more recent years, these nonresonant equations have been adapted to include resonance enhancement by introdu ctio n o f com p lex d am p ing terms. 87, 88, [131] [132] [133] [134] [135] [136] General expressions for evaluation of all complex, nonzero elements of b (2) have recently been reported, which include contribution s from m ultiple ex cited states. 87, 88, [131] [132] [133] [134] W hile these full sumover-states expressions are amenable for use in m olecular modeling calculations, the intuitive behavior of the hyperpolarizability is easiest to interpret by using the simpli ed formula given in Eq. 6, derived in the Appendix from the original expressions by Ward but neglecting the FIG. 9 . Desorption kinetics for rhodamine 6G from a glass surface into methylene chloride, measured by using the appropriate orientation-insensitive methodology for a dominant b x 9 x 9 z 9 tensor element (reproduced from Ref. 103) . In this case, orientation insensitivity is achieved for detection of the unpolarized second harmonic (i.e., both sand p-polarizations) for an incident polarization rotation angle of 278 . The solid line is a bi-exponential t of the data.
terms which describe interactions between excited states. 130 
In Eq. 6, d is the change in per-i n0 manent dipole between the ground state (0) and the excited state (n) projected along the i molecular axis; r is the i component of the transi-i n0 tion m oment between states n and 0; G n0 is a lifetime broadening term related to the homogeneous linewidth; v is the frequency of the fundamental beam; and v n0 is the resonant transition frequency. Equation 6 allows for the determination of all complex elements of the molecular hyperpolarizability tensor for an isolated chromophore both near and far from a transition resonance, provided that contributions from transitions between m ultiple excited states can be neglected. As can be seen by Eq. 6, large signal enhancements are expected when either the fundamental or second-harm onic wavelength is scanned across a molecular resonance. In this manner, surface-selective electronic spectra can be acquired. As a caveat, the expression in Eq. 6 is not immediately applicable to surface lms, as it inherently assum es homogeneously broadened peaks with linewidths given by G n0 , w h ile spectral lin ew id ths in thin lms are often dominated by inhomogeneous broadening. This apparent dilemma can be resolved by integrating the nonlinear response over an inhomogeneously broadened distribution (e.g., a Gaussian distribution). 131, 137, 138 Lastly, the simpli ed expression in Eq. 6 does not include con tribu tio ns fro m transitio n m om ents b etw een m u ltiple excited states, which have been demonstrated by Corn, Higgins, and co-workers to be important in system with multiple states closely spaced in energy. 31, 87, 88, 133 SHG investigations can provide add itio nal inform ation from m easurement of the phase of the SH light as a function of wavelength. Inspection of Eq. 6 indicates that a wavelength-dependent phase shift in b (2) is expected, with the hyperpolarizability changing signs depending on whether v is less than or greater than /2. Assuming for the mom ent that v 0 th e h yperpo larizability tenso r is dominated by the single element b z 9 z 9 z 9 (typical of rod-like molecules) and that the s n coef cients in Eq. 1 are both real and independent of wavelength, the k-polarized secondharm onic electric eld is given by (7) where F sam is the absolute phase of the sample second-harm onic eld with respect to the fundamental eld, and F k is a function of the m olecular orientation angle, u, and the surface number density, N s . In addition to providing fundamental insights into the nature of the excited state, measurement of the absolute phase can yield information about absolute orientation (far from resonance, F sam 5 08 or 1808 depending on the orientation of the molecular axis), 139, 140 and can provide a means to isolate the nonlinear response of the substrate from that of the adsorbates. 141 A schematic apparatus for phase measurem ents is shown in Fig. 10 , adapted from Stolle et al. 142 The general approach employs coherent interference between the surface nonlinear eld an d a re ference S H source with a known F ref while m odulating the phase relationship between them in a predictable manner. In the simplest experiments, the distance between the sample and a quartz reference is varied, with the dispersion of air introducing a variable phase shift between the two nonlinear sources with a period of ; 2 to 13 cm depending on wavelength. [142] [143] [144] A similar method with no moving parts has been devised by using a variable-pressure gas cell to systematically control the induced phase shift. 144 -146 Alternatively, a rotating plate can be placed between the sample and reference 142, 147 or the sample substrate itself can be rotat-focal point FIG. 10 . Schematic apparatus for absolute SHG phase measurements, reproduced from Stolle et al. 142 The phase-shifting unit (PSU) introduces a variable phase-shift, F PSU , which in turn results in periodic constructive and destructive interference with the second-harmonic light generated from the sample (with phase F s am ) and from a nonlinear-active reference (with phase F r ef ). The absolute phase is then determined by extrapolation to zero phase shift. ed, 148, 149 the angle of which combined with the optical dispersion of the plate de nes the phase shift introduced. Since the coherence length for SHG in glass is typically a few micrometers, the small pathlength difference associated with plate rotation is suf cient to produce fringing. In order to m inimize potential complications related to inaccuracies with the use of quartz as a nonlinearactive reference (including unexpected phase shifts due to m isalignment 144 and loss of temporal overlap between sample and reference 150 ), several researchers have used ultrathin lms as both samples and references. 144, 149, 150 Simultaneous acquisition of both the second-harm onic spectrum and phase has recently been demonstrated by Wilson et al. by frequency-domain interferometry with ultra-short (15 fs) broad-band pulses. 151 Experimental studies have utilized SHG spectroscopy and phase m easurem ents w ith g re at success to probe the energetics of semiconductor surfaces [151] [152] [153] [154] [155] [156] [157] [158] and to characterize the spectral response of thin fullerene surface lms. 159 -163 In contrast, comparatively little has been done with the use of SHG to characterize electronic spectroscopy in organic thin lms. 74,131,164 -169 Notable exceptions include work by Eisenthal and co-work-ers, in which the surface-selective solvatochromic shifts of interfacial dyes were used to evaluate the polarity of liquid interfaces, 168, 169 and studies by others investigating the nonlinear spectroscopy of self-assembled 164 and electrically poled 131, 165, 166 systems. The explanations for the relatively few spectroscopic SHG studies of thin organic lms are largely practical. Acquisition of electronic spectra of organic lms in the visible portion of the spectrum requires the ability to scan across a fa irly b ro ad spectral re g ion . Th e most common source of pulsed, tunable light for SHG studies is the output from either a dye laser or a Ti: sapphire laser, both of which have scanning ranges comparable to or less than a typical inhomogeneously broadened electronic transition linewidth. The increasing availability of optical param etric lasers with broad tun ing ranges shou ld ex tend the scope and applications of future SH spectroscopic studies.
Even with the recent progress in SH spectroscopic studies, several aspects of the technique continue to complicate its application. As one example, debate remains as to the most appropriate values to use for the optical constants of the nonlinear surface layer. W hile the comm on practice of choosing a lm refractive index ranging between that of the substrate and that of the ambient is usually reasonable far from resonance, the same is not true in resonance-en hanced investig ation s in which the lm refractive index is necessarily a com p lex param eter. One promising approach pioneered by Corn and co-workers and used by others is to combine the measured thin-lm absorbance spectrum with the measured or assumed lm thickness to evaluate the complex refractive indices via a Kram ers-Kronig transform. 87, 132, 170, 171 Even still, for a given set of lm optical constants, different models for the interfacial optics can lead to substantially different interpretations of the same data with no single model universally accepted. [172] [173] [174] As these and other aspects of nonlinear optical spectroscopy continue to be developed and re ned, the range of new applications will continue to grow.
ORIENTED TH IN FILM S FOR NO NLINEAR OPTICAL DEVICES
Recent advances in SHG are not limited to fundamental tools for surface science, but include new developments directed towards generation of novel nonlinear optical devices. For example, oriented polymer thin lms have been investigated for several optoelectronic applications, [175] [176] [177] [178] [179] [180] [181] including use as nonlinear optical waveguides, [175] [176] [177] [178] [179] [180] [181] fast optical switches, [175] [176] [177] 179 and optical phase and amplitude modulators. 177, 179, 180 Oriented surface lms have also been proposed and utilized as biosensors. [182] [183] [184] [185] [186] Langmuir-Blodgett (LB) m onolayer and multilayer lms have been used in pyroelectric infrared detectors, [187] [188] [189] and have potential for use in a wide variety o f optoelectron ic ap plications. 178, 187, 188, 190 The rst step toward develo pin g and in tegratin g these technologies into complex systems is the generation of highly oriented lms of micrometer thickness. Several approaches recently used or suggested to generate oriented lms are outlined in Fig. 11 .
Currently, the m ost widely used approach for the construction of mi- crometer-thick ordered organic thin lm s invo lv es electrically po lin g polymer lms doped with nonlinear active moieties containing perm anent electric dipoles (Fig. 11a ). [191] [192] [193] [194] [195] [196] After the perm anent dipoles of chromophoric species are aligned under an applied eld, they are ''locked'' into place either by reducing the temperature below the glass transition point or by inducing polymerization. In this manner, the physical and optical properties of the lm can be easily varied by choice of polymer and nonlinear moiety. However, high degrees of orientation are rarely obtained in poled polymer lms, and in many cases the nonlinear activity is greatly reduced with time and tem-perature due to orientational relaxation within the polymer m atrix. 197, 198 As an alternative to electrical poling, highly oriented lms have been generated one molecular layer at a time via sequential Langmuir-Blodgett depositions (Fig. 11b ), in which a monolayer surfactant lm is transferred from an aqueous phase to a substrate. 178, [187] [188] [189] [190] The principal advantage of LB lms is the m uch greater degree of order obtainable com p ared w ith electrical po lin g. H o w ever, the orien tatio nal ord er generally decreases in multilayer LB lms as a function of time (as with poled polymer lms) and the number of layers. Additionally, LB lms rarely exhibit the therm al stability required for incorporation into optoelectronic devices. Lastly, form ation of lms thick enough for practical nonlinear applications requires 20 0 -3 00 m on olay er d epositions, which can lead to prohibitively long processing times.
In addition to LB lm deposition, gen eration o f oriented m u ltilayer lms one m olecular layer at a time has been successfully achieved by using zirconium phosphate/phosphonate (a b brev. Zr-P O x ) ch em istr y (Fig. 11c ). 199 -214 In a methodology pioneered by M allouk and co-workers, 199 -201 multilayer lms are generated by sequences of self-term inating reactions, taking advantage of strong metal-phosphate and -phosponate focal point bonding. Work by Katz and co-workers rst demonstrated the use of Zr-PO x chemistry to generate chromophoric multilayers with noncentrosymmetric polar order using a repeating three-step synthetic route. [202] [203] [204] [205] [206] [207] [208] Multilayer lms prepared by using Zr-PO x chemistry have the advantages of simplicity in lm formation, fairly rapid deposition times (as little as 20 -25 m in per monolayer), and therm al stability g en era lly m u ch greater than in LB m ultilayers. 206 Oriented lms based on trifunctional silane self-assembly offer another attractive alternative route to multilayer synthesis (Fig. 11d ). The observation of m onolayer self-assembly on glass and silica surfaces using trifunctional silanes has been known and investigated for well over a decade. 187, [215] [216] [217] [218] Self-assembled silane lms have the potential to yield degrees of order comparable to those obtained in LB lms with the additional advantages of structural and therm al stability 219, 220 and rapid deposition times. Recent experiments have demonstrated that self-assembly reactions will proceed on essentially any hydrophilic surface, largely independent of surface functionality. 221 Additionally, silane lms are known to exhibit self-healing, yielding reductions in surface roughness after monolayer deposition. 222 Finally, monolayer formation can be completed in about two to ve minutes if the reaction conditions are optimized, suggesting that practical devices could be generated in less than a day by multiple depositions.
CO NCLUSIO N
In recent years, SHG has been demonstrated at a relatively noninvasive in situ surface probe providing unique descriptions of order in systems ranging from cells to semiconductors. Several examples of recent advances in acquisition and analysis of SHG m easurements highlig ht th e distinctiv e inform ation available by nonlinear optical techniques. These new tools should help expand and improve the reliability and range of SHG investigations in the rapidly growing eld of surface nonlinear optics.
APPENDIX
The expression from Ward for the dipole contributions to SHG is 130 (2) b (22v; v, v) focal point
